The discovery of the giant magnetocaloric effect with isothermal field-induced entropy change beyond the spin-multiplicity limit gave rise to some indistinctness in the literature regarding the applicability of fundamental thermodynamics in data analysis. Those misleading interpretations concerning for instance the rigorousness of phenomenological thermodynamics are clarified here. Specifically, it is shown that the Maxwell relation incorporates contributions from the spin degrees of freedom and potential lattice degrees of freedom into the isothermal entropy change.
Introduction
The quest for advanced magnetocaloric materials has intensified in recent years due to their important role in future energy-efficient and environmentally friendly refrigeration technologies. 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 . An appreciable magnetocaloric effect (MCE) with sizeable isothermal entropy change and adiabatic temperature change in moderate applied magnetic fields requires new magnetic materials with tailored magnetocaloric properties. This search defines one of the today's materials science frontiers 11, 12, 13, 14 . Most of the present research activities focus on the giant MCE found in bulk rare earth alloys 15, 16, 17, 18, 19, 20, 21, 22 . Recently, even nanotechnological approaches have been exploited to tailor microscopic magnetic parameters such as exchange and anisotropy for advanced magnetocaloric materials design 23, 24, 25, 26, 27 . However, recent discoveries of a giant MCE, which permit overcoming the magnetic limit 28, 29, 30 for the isothermal entropy change, make it evident that optimization of magnetic interactions alone will not suffice for ultimate optimization of the MCE. Sparked by this insight, an even more intensified but perhaps somewhat unfocused search for new giant MCE materials can be observed in recent years.
Despite the growing quantity of publications and growth of insight it seems clear that some fundamental aspects of thermodynamics and statistical mechanics appear to be overlooked by some in the literature, leading to statements such as "… the colossal MCE was obtained from magnetic measurements using Maxwell's relation, which only reflects changes in magnetic entropy." 31 More commonly, many authors refer to the isothermal entropy change, which is the entropy change at constant temperature, T, induced by a change of the magnetic field, as magnetic entropy change 32, 33, 34, 35, 36 . This nomenclature can be very misleading and appears to be subliminally interpreted by others, not explicitly referenced here, as a contribution to the entropy change which exclusively originates from spin degrees of freedom. In addition, there seems to be some confusion about the conditions allowing for contributions of lattice degrees of freedom to the isothermal entropy change. The vagueness often seen in discussions on this subject has the potential to confuse materials scientists searching for magnetocaloric materials which overcome the magnetic limit for the isothermal entropy change.
The latter is determined by the logarithm of 2J+1, where J is the total atomic angular moment when a localized moment picture can be applied. One can anticipate that magnetic materials relying only on the limited J-multiplicity for isothermal entropy change will not be able to compete with the proposed electrocaloric materials. 38 Here, quantization is not the limiting factor and large changing electric fields are much easier realized than changing magnetic fields.
Therefore, competitive magnetocaloric materials need to make use of entropy contributions of non-magnetic degrees of freedom which still can be activated through magnetic fields. Contributions to the isothermal entropy change which are not magnetic in origin can only exist if there is coupling between spin and elastic degrees of freedom giving rise to a free-energy coupling-term with a dependence on the magnetic field, H, such that the total Gibbs free energy,
spin lattice
, which creates the possibility of overcoming the multiplicity given by our specific model may retrospectively appear redundant because one may argue that there is no need to reconsider established thermodynamics. However, the existing tendency to reason on the basis of models and microscopic considerations together with a general propensity to consider statistical physics superior to phenomenological thermodynamics is motivation enough for the explicit confirmation of the integrated Maxwell relation. The work outlined here serves as an explicit reminder that the Maxwell relation, when the prerequisites for its application are fulfilled, provides the complete isothermal entropy change and not just a "magnetic contribution" in case there is more. We hope that our considerations help to clarify some of the recent confusions such as those about Maxwell's relation in the framework of discussions of the lattice contributions to the isothermal entropy change.
Minimalist Classical Model Hamiltonian
We consider an ensemble of statistically independent constituents of pairs of interacting, mobile classical Ising spins. When neglecting the kinetic energy, the Hamiltonian of an individual Ising spin-pair reads
Here, D is the curvature of the harmonic elastic energy, 1 2 ( , ) J x x is the exchange integral, 
where a determines the length scale on which the exchange interaction decays. We restrict our consideration to the case of small deviations from the equilibrium positions such that 2
We are interested in the isothermal entropy change
only the term Evidently, the spin-lattice coupling in linear approximation has no effect on the isothermal entropy change induced by a magnetic field in the classical limit. In fact the term G α , which completely determines the isothermal entropy change, does not depend on the parameter a which controls the spin-lattice coupling. A model Hamiltonian of the form H α is therefore not able to create an entropy contribution which originates from non-magnetic degrees of freedom. 
. (5) It is straightforward to show that in the limit of large a Eq. (5) 
